This paper provides essential information on research completed with the aim to develop a 'dc motor test and analysis platform' which can be used to provide dc motor characteristics, calculate losses and efficiency, and also work as a dc motor speed controller. A user can test a given dc motor for these analyses by practicing different conventional methods, but, the concept discussed in this paper, reveals how intelligent integration of all these analyses can be done with a single user friendly automated setup. Integration has been accomplished by a technique that can accommodate all types of dc motors with different ratings at various loading conditions. However, experimentally measured results of a 0.5HP separately excited dc motor using the discussed scheme are presented in the paper. Also, a comparison of the methodology of this system with conventional techniques has also been elaborated on to show the effectiveness of the system.
Introduction
Experimental determination of characteristics of dc motors is quite important for prediction of their accurate performance. Also, compatibility of a dc motor for any type of application can be best understood by analyzing their speed-torque characteristics. On the other hand, correct and accurate calculation of losses and efficiency has been established as an important means for detection of faults in dc motors. Therefore, an essential criterion for deciding the performance-index for dc motors is a knowledge of their speed-torque characteristics, losses (constant and variable) occurring in the motor and measurement of their efficiency. Review of conventional technologies practiced reveals the limitations and constraints of these methodologies. It has been surveyed that no single test or methodology already available or published can provide a total automated solution to acquire all the important parameters of a dc motor which are required for its performance evaluation.
In this paper, the concept of PC based automated acquisition of speed-torque characteristics in real-time, calculation of losses, efficiency versus torque curve and closed loop speed control of a dc motor is discussed. By practicing this single automated method, various parameters of a dc motor e.g. speed, torque, armature current, field current, armature voltage, field voltage, winding temperature variations and dependency of these parameters on each other are closely monitored with help of control hardware and application software. The novelty of the scheme presented is the way as the control of the scheme is implemented. The embedded scheme has been developed using an external interface hardware based on an AVR microcontroller, a data acquisition card, and a graphical programming environment (visual basic). The control hardware presented in this paper is an AVR based embedded system, dedicatedly designed for providing complete automation for the evaluation of dc motors. It has been programmed with a firmware, which performs all the tasks necessary to execute a dc motor control application. The developed ‗dc motor test and analysis platform' controls the motor input dc voltage/s through SCR bridges, electrically loads the dc motor through a dc generator, collects the motor parameters at each loading condition and manipulates the acquired data in PC based software to arrive at the parameters which will define the motor performance. The graphical programming method allows a high degree of software modularity and automated presentation of results, whereas capabilities of the AVR microcontroller are utilized for data acquisition, SCR bridge control and RS232 serial communication [1] - [3] .
Methodology of conventional techniques for testing of separately excited dc motor
It was surveyed that conventional set-ups make use of two types of methodologies for performing load-tests on dc motors [4]- [7] . One set-up involves use of mechanically coupling ‗a brake drum' (i.e pulley-belt arrangement) with spring balance on both sides as shown in Figure 1 .
To increase the load torque, the tension on the two belt portions, is adjusted for an increased difference. The dc motor is started with help of a starter and brought to its rated speed.By adjusting the spring tensions, the motor is loaded from its no-load to full-load and readings of the measuring devices are noted down for further calculations of torque and other necessary parameters. The other method of loading involves use of a dc generator coupled with a test dc motor, along with other essential electrical measuring devices as shown in Figure 2 . The separately excited dc motor is started with the help of a starter, and brought to its rated speed with the help of a field-current-rheostat of motor. The dc generator is run to obtain its terminal voltage with the help of the field rheostat of generator. The generator is then loaded with help of its loading rheostat, keeping its terminal voltage constant. Reading of measuring devices is observed while the entire range of no-load to full-load of the motor are covered.
In both of the methodologies, in order to collect the final results, a lot of manual computations/calculations of observed parameters are required. Not only this, multiple tests at different loads and different speeds of separately excited dc motors are essential to cover the complete operating range of the dc motor with use of such conventional techniques. As the measuring instruments used in the set-up are chosen according to the rating of a separately excited dc motor, for testing higher (or lower) rating of the separately excited dc motor, the entire set-up needs to be modified. Similarly, modification in the set-up will also be required for testing different types of dc motors. As a result, if one tries to evaluate a dc motor for its characteristics, losses and efficiency with the current available techniques, the process becomes time-consuming, cumbersome, error prone and tedious. 
Automated dc motor test and analysis platform
The previous section establishes the scope for the work undertaken by the investigators in the present paper. This also explains how the presented work has been derived out of the previous works already carried out in this area of research. Automation helps in minimizing the operator intervention to change setups in order to carry out different tests on one motor. Complex calculations, derivations and controls get off loaded from the operator and are integrated in the automated tests. The user after carrying out performance testing will be able to record the test data for future reference. The platform has a user friendly PC based graphical interface for control of various operations. The platform for automating the process of testing of any given separately excited dc motor consists of a separately excited dc motor (under test) coupled with a separately excited dc generator, which is interfaced with the control hardware and PC. The generator itself is electrically loaded by connecting suitable fixed resistance at its terminals. The interconnection topology of the discussed automated test platform is shown in Figure 3 .
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Fig. 3. Automated test platform for testing separately excited DC Motor
The control hardware platform for this system is designed around an AVR series microcontroller ATMega32 [8] , whose various on-chip peripherals are utilized for the purpose of data acquisition, motor controls and communication with the PC.
Different motor parameters like motor current, motor voltage, generator field voltage, speed and winding temperature are acquired by the analog to digital converter (ADC) port of microcontroller after being filtered and conditioned by a signal conditioning section. These analog signals are acquired from different sensors like a Hall Effect Current Transducer (2.5 V full scale output for 25 A current) to acquire motor current, tachogenerator(30V full scale voltage output for 1500 r/min) to acquire motor shaft speed and an NTC Thermistor(operating temperature range -30 to 120 0 C) to acquire the temperature of the dc motor winding. For acquiring dc motor and dc generator voltage signals, resistive voltage divider circuits are used.(ATMega 32 has an integrated analog to digital converter with 8 multiplexed analog input channels, 10-bit resolution and 15Ksps maximum sampling rate).
Output signals obtained from the various sensors are conditioned by a signal conditioning section to make them compatible with the ADC inputs of the microcontroller. Current and voltage signals have been filtered by using a low pass second order active filter whereas the temperature sensor output has been filtered using a passive low pass filter. The speed signal is received from tachogenerator, so the electrical signal is first rectified using a diode and capacitor before filtering the same.
A microcontroller based hardware is also configured to provide digital inputs and outputs. Digital inputs are used to acquire signals coming from the zero crossing detector (to detect the phase of incoming ac voltage), limit switches, proximity switches or push buttons. Digital outputs in this hardware are primarily meant to drive the SCRs and hence are interfaced to pulse transformers using power transistors. Digital output pins can be optionally used to generate PWM and relay control signals also [9] .
A microcontroller UART is configured for 115200 bits per second baud rate to communicate with PC RS232 port. A voltage level shifter IC is used to convert 0-5V signal levels of microcontroller to RS232 voltage levels and viceversa.
The firmware of the microcontroller which is responsible for performing tasks like firing of SCRs, data acquisition, relay control, serial UART communication, PID control, digital filters etc, has been developed in embedded Clanguage using an AVR-GCC compiler [10] .
Since, the control hardware communicates with the PC via the RS-232 serial port, a PC program based on Microsoft Windows is designed to provide the necessary interface to the user and also interaction with the hardware. This PC based application software gives provision for choosing different type of tests to be performed, editing/updating information regarding motor set-up viz. rating of machines, rated speed ,rated voltage, rated current, armature resistance, field resistance etc, which is used to calculate the dc motor copper losses and efficiency. Also, application software provides provision for test data storage in ASCII text format, data processing and visualization of results in graphical and tabular form. The methodology involved in this automated technique revolves around the fact that generator output voltage (voltage at the generator armature terminals) is proportional to shaft speed, magnetic field strength and number of conductor loops in the armature. Since the last parameter stays constant for a test, it is clear that any change in motor shaft loading caused by a reduction in speed can be compensated by increase in generator field voltage (magnetic field strength) and vice versa.
When the generator armature is connected to the electrical load, it applies a mechanical opposition to the rotation of shaft. This shaft loading is utilized to test the behavior of the motor under different loading conditions.
As discussed in the previous section, in conventional methods, the dc motor (under test) is loaded by adding electrical load to the generator output and keeping the generator field excitation voltage constant. During the motor performance testing, there is a requirement to achieve the constant mechanical loading of the motor shaft. The fact that mechanical loading of the motor shaft is dependent on speed makes it difficult and impractical to achieve the same.
Authors have utilized the microcontroller's processing power to achieve a precise PID control of motor shaft loading by manipulating the generator field voltage. In this case, the electrical load on the generator armature is fixed whereas the field voltage of the generator is varied by a fully controlled SCR Bridge.
Methodologies of automated tests carried out
for separately excited dc motor a) Characteristics of the dc motor: Initially the dc motor is run at maximum speed (rated voltage) and at noload (generator field turned off). Gradually mechanical load on the motor shaft is increased by increasing the reference (target value) input to the PID control algorithm which controls the generator field. The PID algorithm output manipulates the firing-angle of the SCR bridge which in turn controls the voltage being fed to the generator field. Voltage across the armature terminals of the generator (armature terminated with fixed resistor) acts as the feedback signal for the PID control algorithm. Real time values of motor parameters e.g. voltage, current, speed, winding temperature, etc. acquired by the microcontroller at predefined intervals during the test, are sent to the PC, where storing in the log file for analysis and plotting of the characteristics are carried out. Calculations of the motor torque from the data provided by the microcontroller is carried out in the PC software using the torque equation.
b) b) Motor Efficiency and Copper loss:
In this test, losses occurring in the dc generator also need to be considered to calculate the motor efficiency. This is done in order to ensure correct calculation of the mechanical power delivered by the motor. This is achieved by carrying out the generator calibration (process in which generator constant losses are calculated for different speeds) before conduct of the tests. During conduct of tests, real time values of motor parameters e.g. motor voltage, current, speed, winding temperature etc. are acquired at predefined intervals and they are sent to the PC for storing in the log file, further processing and display of results. Calculations for motor torque, variable and constant losses of the motor, power input, power output and efficiency of motor are carried out in the PC software in accordance with real time acquisition of motor parameters and specifications of the motor entered by the user. c) Motor speed controller: In this mode, the feedback signal is acquired from the tachogenerator and the value of firing-angle of the SCR bridge for the motor voltage control is manipulated to achieve the desired speed. In this mode a graph is plotted over the time scale along with the motor armature current. Motor shaft loading can also be controlled in this test.
Block diagram for the automated scheme is illustrated in Figure 4 . 
Calculation of DC Motor Parameters

Details for acquiring Motor Characteristics
In this analysis, the separately excited motor is run at the rated speed and loading of motor shaft is increased gradually in a controlled manner. Other than the start and the stop commands sent by the PC, all the other operations are executed at regular intervals by the microcontroller timer interrupt service subroutine. During the performance of these tests motor parameters like speed, line current, motor voltage etc are read by the microcontroller and the digital data is sent to the PC. The PC software calculates from this information the complex parameters like torque, armature current, back emf etc. PC software calculations are based on the motor specifications entered by the user.
In order to illustrate the working of the automated scheme, formulae are provided for calculation of armature current, emf and torque by the application software.
① Calculation of Armature current L a I I  where, Ia is the motor armature current (calculated by software) IL is the motor line current (real time acquisition)
② Back emf calculation
Calculation of back emf is essential to arrive at the correct value of torque delivered by the motor. This calculation is also carried out in the application software by formula given below:
where, R a is the motor armature resistance (provided by user) V is the motor terminal voltage (real time acquisition)
③ Calculation of Torque
General formula used for calculation of torque is given by: where, T m is the generated Torque in Nm (calculated by software) N is the speed of motor in rev/min (real time acquisition)
Details for acquiring Motor Efficiency and Copper Losses
Test sequence in this motor analysis is similar to the one listed above, except that the calculations are carried out for motor efficiency and the copper losses. Formula for one such calculation for a shunt motor is given below:
Copper loss in motor = Copper loss in armature + copper loss in field or,
Copper loss in motor = I a 2 R a +I f 2 R f
where, R f is the field resistance(provided by user) Thus, copper loss of motor is calculated by the software. Efficiency of the motor is calculated as a ratio of mechanical output power delivered by the motor, to the electrical input power. In this automated scheme, input power is calculated by multiplying the input motor voltage with the motor line current.
In order to calculate the output power delivered by the motor, the losses and the electrical power of the generator have to be considered. Following equations summarize the total output delivered by the motor.
Output delivered by the motor = Electrical power output of the generator + generator copper loss + generator fixed losses.
Generator fixed losses at different speeds have been calculated during generator calibration process and stored in the application software for reference, and generator copper losses is calculated by formula:
Copper loss in generator = V Gen 2 /R L where, V Gen is terminal voltage of generator (real time acquisition) R L is fixed generator load resistance (provided by user)
Finally calculation for motor efficiency is carried out by formula given below:
Efficiency of the motor = output delivered by the motor / input power to the motor
Details of the motor evaluation (speed controller mode)
In this case the user can change the speed and also generator field to run the motor under different speeds and loading conditions. Motor speed and armature current have been plotted in a graph in real time. X-axis of this graph represents the time scale shown as number of samples acquired during the test. In this test, speed and load adjustment commands are sent to the control hardware whenever the user presses the command buttons. These commands are acknowledged by the microcontroller firmware and the motor voltage is altered either by modifying the firing-angle of the SCR Bridge or by changing the motor loading by way of modifying the generator field voltage. Motor parameters are continuously acquired during the test and sent to the PC at regular intervals.
Automated test results
The system presented in the paper after fabrication was tested and validated using 0.5 HP separately excited dc motor-generator (MG) set (practical set-up as shown in Figure 5 ). Results of various analyses (viz. to obtain speedcurrent, torque-current and speed-torque characteristics curves, to calculate dc motor losses and obtaining efficiency curve, to run dc motor in speed controller mode) were captured on PC using Visual Basic Application software in form of curves as well as in tabular form so that practical performance of dc motor can be verified with data derived from theoretical calculations and equations.
For illustration of the results, various graphs have been presented in form of screen shots shown from Figure 6 to Figure 10 and sample values of parameters captured and recorded by the PC application software during the test have been provided in Table 1 to Table 4 . 
Conclusion
The validity of the test results can thus be checked by comparing the test results obtained from this automated procedure with experimentally measured results obtained by conventional methodology using higher precision measurement equipment. The effectiveness and flexibility of technique stands unmatched with other conventional methodology due to the fact that the same test up can be utilized to automate the process of testing separately excited dc motor of higher ratings also. Authors have tested dc motor of ratings up to 5HP using the same platform. This justifies the universal behavior of the novel technique being implemented by the authors in this paper. In light of the successful results obtained in testing and validation process, and looking at the methodology of automation process discussed in the paper, it is envisaged that all other types of dc motors can also be tested in same automated way
